VirA, a secreted effector protein from Shigella sp., has been shown to be necessary for its virulence. It was also reported that VirA might be related to papain-like cysteine proteases and cleave a-tubulin, thus facilitating intracellular spreading. We have now determined the crystal structure of VirA at 3.0 Å resolution. The shape of the molecule resembles the letter ''V,'' with the residues in the N-terminal third of the 45-kDa molecule (some of which are disordered) forming one clearly identifiable domain, and the remainder of the molecule completing the V-like structure. The fold of VirA is unique and does not resemble that of any known protein, including papain, although its N-terminal domain is topologically similar to cysteine protease inhibitors such as stefin B. Analysis of the sequence conservation between VirA and its Escherichia coli homologs EspG and EspG2 did not result in identification of any putative protease-like active site, leaving open a possibility that the biological function of VirA in Shigella virulence may not involve direct proteolytic activity.
variants that lack a functional virA gene are unable to move through the cytoplasm, and the invasiveness of these virA mutants is attenuated, suggesting that VirA is essential for Shigella virulence (Yoshida et al. 2006) . It was proposed that VirA functions as a cysteine protease that selectively degrades a-tubulin (Yoshida et al. 2006) . However, how VirA may recognize and degrade a-tubulin but not btubulin substrates remains unclear.
The only currently known homologs of VirA are the products of espG genes found in enteropathogenic and enterohemorrhagic E. coli (EPEC and EHEC), as well as in pathogenic Citrobacter rodentium (Mundy et al. 2004) . It has been shown that, like VirA, EspG disrupts microtubules in fibroblasts and nonpolarized epithelial cells (Shaw et al. 2005) . Interestingly, a study conducted by Elliott et al. (2001) demonstrated that the EPEC espG gene can rescue invasion of a Shigella that contains a mutation inactivating virA. Conversely, Smollett et al. (2006) have shown that VirA complements the double-mutant EPEC DespG/DespG2.
Seeking to gain further insight into the function of VirA, including its reported ability to process a-tubulin but not btubulin, we determined the crystal structure of the selenomethionine (SeMet)-substituted protein and refined it with data extending to 3 Å resolution. We found the fold of full-length VirA to be novel, without any resemblance to papain-like cysteine proteases, whereas the N-terminal domain shares limited similarity to cystatin A and stefin B, protein inhibitors of cysteine proteases. Although VirAwas reported to cleave a-tubulin, we have not found any structural features that resemble the active sites of known proteases. Thus, the mode of action of this unusual protein requires further study.
Results and Discussion
The structure of recombinant VirA was solved by singlewavelength anomalous diffraction (SAD) of a single crystal of SeMet-substituted protein. The enzyme was expressed in E. coli, purified to homogeneity, and crystallized using vapor-diffusion technique. The crystals belong to the monoclinic space group C2, with unit cell parameters a ¼ 150.3 Å , b ¼ 170.9 Å , c ¼ 46.2 Å , b ¼ 104.9°, and diffract to 3 Å resolution. Each asymmetric unit contains two molecules of VirA, resulting in a Matthews coefficient V m (Matthews 1968 ) of 3.2 Å 3 /Da and a solvent content of 61%. Due to the presence of considerable disorder and to limited resolution of diffraction data, we were able to trace only 684 residues out of 800 expected in the dimeric protein. The residues modeled in each of the crystallographically independent molecules are 1-13, 58-310, 314-328, and 339-399 . Assignment of the sequence to the traced chain was facilitated by identifying the locations of all SeMet residues, based on the anomalous signal of the selenium atoms. However, the identification of the N-terminal 13 residues that form a short helix is only tentative since their sequence does not contain strong markers. Nevertheless, despite the relatively low resolution of the diffraction data, we consider the tracing of the visible parts of the polypeptide chain (with the exception of the N terminus) to be unambiguous.
The refined structure reveals two independently folded domains that resemble the letter ''V'' (Fig. 1A) . The partially disordered N-terminal domain includes residues 1-130, whereas the larger C-terminal domain encompasses residues 131 through 400. The current model consists of 12 a-helices and 12 b-strands, including a four-stranded antiparallel b-sheet located in the N-terminal domain and a six-stranded antiparallel b-sheet located in the C-terminal domain (Fig. 1B) . A noteworthy feature of the structure is a long, serine-rich helix a10 (287-306) that appears to stabilize the dimer in the crystal (and, presumably, also in solution, since VirA appears to migrate as a dimer on native gels and on size-exclusion columns). That helix is responsible for most of the interactions in the dimer (Fig. 1C) . The area buried upon dimer formation is 2487 Å 2 per subunit. The N-terminal domain of the VirA molecule starts with a stretch of 13 residues disconnected from the rest of the model, putatively assigned as 1-13, that includes small helix a1 (residues 6-11). A perpendicularly oriented second helix a2 leads, through an extended linker region, to a four-stranded antiparallel b-sheet (b1-b4), followed by helix a3, which ends the first domain. The Cterminal domain begins with a short strand b5 followed by helix a4, which is partially shielded by the sixstranded antiparallel b-sheet. The loop extending from helix a4 wraps around this sheet and connects to helix a5, which is followed by a6, a7, and a8, forming a small helical bundle. Helix a9 protrudes through the back end of the bundle and loops around to the long a10 helix situated behind the main sheet and concludes with a short helix a11, followed by the last helix a12.
One of the reasons cited by Yoshida et al. (2006) for postulating cysteine protease-like activity of VirA was the loss of the apparent enzymatic activity when Cys34 ( Fig.  2A ) was mutated to a serine. The region surrounding this putative active site is disordered in our current model, and no other part of the protein bears any resemblance to the structure of papain. The N-terminal regions of proteins exported by the T3SS are frequently disordered (Galan and Wolf-Watz 2006) , since these areas provide export signals, and a similar situation might exist in the case of VirA.
By creating a series of truncated proteins, a previous study identified the tubulin-binding region of VirA to contain residues 224-315 (Yoshida et al. 2002) . Structurally, these residues comprise the helices a7-a10. However, as mentioned above, helix a10 plays a major role in dimer formation, thus it may not participate in binding tubulin but rather be necessary for maintaining VirA in a dimeric state.
Some of these residues line the inner surface of the ''V'' structure, and a large cleft present between the two domains is of sufficient size to postulate that it could accommodate a tubulin dimer. It is surprising, though, that the N-terminal domain was not implicated in tubulin binding, although it forms the other arm of the letter ''V'' and any plausible binding mode would necessitate interactions with both domains. To determine if the structure of VirA resembles any other proteins with known structure, including the microtubuledestabilizing proteins, we searched the Protein Data Bank (PDB) for its structural homologs using the DALI server (Holm and Sander 1993) . Although no overall strong similarity to any known proteins was found, the N-terminal domain of VirA exhibits detectable similarity (Z-score 4.1) to cysteine protease inhibitors such as stefin B (PDB accession code 1stf) or cystatin A (1gd3). The structure of stefin B was solved in a complex with papain (Stubbs et al. 1990) , and 55 out of a total of 98 residues of the inhibitor can be superimposed on residues within the sequence 57-130 of VirA with an root-mean-square (RMS) deviation of 2.4 Å (Fig. 2B) . However, the sequence identity is extremely low at 7%. When the N-terminal domain of VirA is superimposed on the stefin B molecule complexed with papain, the remaining part of VirA does not clash with the papain molecule, making it possible to postulate that the function of VirA might be to create a scaffold for a papain-like cysteine protease, rather than function as an enzyme by itself.
VirA is a member of the EspG family, which also includes E. coli EspG, C. rodentium EspI, as well as E. coli EspG2 (Fig. 2A) . Sequence similarity between VirA and EspG is ;40% (21% identity), strongly suggestive of similar threedimensional structures. In addition, these proteins also appear to share functional similarity, since both EspG and EspG2 have been shown to disrupt the microtubule network of intestinal epithelial cells (Elliott et al. 2001) . The similarity between VirA, EspG, EspI, and EspG2 suggests a shared fold and mechanism of action within this family.
It has been postulated that all members of the EspG family exhibit cysteine protease-like activity (Tomson et al. 2005; Smollett et al. 2006; Yoshida et al. 2006) . In a similar assay, we investigated the ability of VirA to degrade a/b-tubulin. However, we were unable to detect any proteolytic activity using the purified protein, and the sample of VirA purified by us did not exhibit any microtubule-severing activity in a microscopic assay using rhodamine microtubules (A. RollMecak, pers. comm.). Even the alignment of the primary structures of these proteins does not provide a clear indication that this should be the case. The putative catalytic residue in VirA, Cys34, cannot be aligned well with its closest equivalent, Cys50 in EspG, whereas the corresponding region of EspG2 completely lacks any cysteine residues ( Fig. 2A) . No other cysteine throughout the whole sequence is conserved among these proteins. Although a number of serine residues are conserved (Ser14, Ser22, Ser123, Ser227, Ser276, and Ser366), none of them is close to either a conserved histidine or a lysine, which would be necessary to create the minimum catalytic dyad found in serine proteases (Dodson and Wlodawer 1998) . Ser14 and Ser22 are located within the disordered fragment of the N-terminal domain, Ser276 is buried, and the remaining conserved serine residues, although found on the surface, do not have partners which could activate them for catalysis. None of the lysines and only a single histidine (His291) is conserved, with the latter residue situated at the beginning of the long stabilizing helix, a10, which is on the opposite side of the putative tubulin-binding cleft. Very few conserved residues are found on the protein surface (Fig. 2C) , and those that are do not create a plausible active site, raising a possibility that the reported proteolytic activity of this protein might be due to a so-far undetected protease for which it would act as a binding partner.
Conclusions
Although the structure of VirAwas solved at a resolution of 3 Å and the quality of the refined model is only moderate, we have full confidence that the fold of the protein is described correctly. With the exception of the N-terminal domain that topologically resembles several inhibitors of cysteine proteases, the fold of VirA is otherwise novel. Neither the structure by itself nor sequence comparisons with the related proteins EspG and EspG2 support the hypothesis that VirA is a cysteine protease. In particular, the part of the N-terminal domain that contains Cys34, previously postulated to be the catalytic residue, is completely disordered, making it unlikely that it could form a part of the active site. However, the puzzling similarity of the fold of the N-terminal domain of VirA to the inhibitors of cysteine proteases raises a remote possibility that this virulence effector might function as a scaffold rather than an enzyme. Although this hypothesis currently lacks experimental proof, further investigation of the role of VirA in the virulence of Shigella is clearly warranted.
Materials and Methods

Cloning, expression, and purification
The open reading frame (ORF) of Shigella flexneri VirA was amplified from genomic DNA (American Type Culture Collection, Manassas, VA) by the polymerase chain reaction (PCR) using the following oligonucleotide primers: 59-GAGAACCT GTACTTCCAGGGTATGCAGACATCAAACATAACTAACC-39 and 59-GGGGACCACTTTGTACAAGAAAGCTGGGTTATTA AACATCAGGAGATATGATGG-39 (primer R). The PCR amplicon was subsequently used as template for a second PCR with the following primers: 59-GGGGACAAGTTTGTACAAAAA AGCAGGCTCGGAGAACCTGTACTTCCAG-39 and primer R (above). The amplicon from the second PCR was inserted by recombinational cloning into the entry vector pDONR201 (Invitrogen), and the nucleotide sequence was confirmed experimentally. The ORF of VirA (M 1 -V 400 ), now with a recognition site (ENLYFQ/G) for tobacco etch virus (TEV) protease fused inframe to its N terminus, was moved by recombinational cloning into the destination vector pDEST-HisMBP (Tropea et al. 2007 ) to produce pDZ1952. pDZ1952 directs the expression of a maltosebinding protein (MBP)-VirA fusion protein with an intervening TEV protease recognition site. The MBP contains an N-terminal hexahistidine tag for affinity purification by immobilized metal affinity chromatography (IMAC). The fusion protein was expressed in the E. coli strain BL21 (DE3) CodonPlus-RIL (Stratagene). Cells containing the expression vector were grown to mid-log phase (OD 600 ; 0.5) at 37°C in Luria broth containing 100 mg mL À1 ampicillin, 30 mg mL À1 chloramphenicol, and 0.2% glucose. Overproduction of the fusion protein was induced with isopropylb-D-thiogalactopyranoside at a final concentration of 1 mM for 4 h at 30°C. The cells were pelleted by centrifugation and stored at À80°C.
All purification procedures were performed at 4°C-8°C. Ten grams of E. coli cell paste was suspended in ice-cold 50 mM sodium phosphate (pH 7.5), 200 mM NaCl, 25 mM imidazole buffer (buffer A) containing 2 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF, Roche Molecular Biochemicals). The cells were lysed with an APV-1000 homogenizer (Invensys) at 10,000 psi and centrifuged at 30,000g for 30 min. The supernatant was filtered through a 0.22-mm polyethersulfone membrane and applied to a 12 mL Ni-NTA superflow column (Qiagen) equilibrated in buffer A. The column was washed to baseline with buffer A and then eluted with a linear gradient of imidazole to 250 mM. Fractions containing recombinant His 6 -MBP-VirA were pooled, concentrated using an Amicon YM30 membrane (Millipore Corporation), diluted with 50 mM sodium phosphate (pH 7.5), 200 mM NaCl buffer to reduce the imidazole concentration to ;25 mM, and digested overnight at 4°C with His 6 -tagged TEV protease (Kapust et al. 2001) . The digest was applied to a second Ni-NTA superflow column equilibrated in buffer A and the VirA emerged in the column effluent. The column effluent was incubated overnight with 10 mM dithiothreitol (DTT), concentrated using an Amicon YM10 membrane, and applied to a HiPrep 26/60 Sephacryl S-100 HR column (Amersham Biosciences) equilibrated in 25 mM Tris, 150 mM NaCl, 2 mM Tris(2-carboxyethyl) phosphine hydrochloride buffer. The peak fractions containing recombinant VirA were pooled and concentrated to 15-20 mg mL À1 (estimated at 280 nm using a molar extinction coefficient of 36,900 M À1 cm À1 ). Aliquots were flash-frozen in liquid nitrogen and stored at À80°C. The final product was judged to be >95% pure by sodium dodecyl sulfatepolyacrylamide gel electrophoresis. The molecular weight of VirA was confirmed by electrospray mass spectroscopy.
Crystallization and data collection
Prior to crystallization, VirA was concentrated to a final concentration of 20 mg/mL in 25 mM Tris pH 7.2, 150 mM NaCl, 2 mM Tris (2-carboxyethyl) phosphine hydrochloride buffer. The crystals were grown in hanging drops composed of an equal volume of VirA and 0.8 M sodium/potassium phosphate, pH 6.1 at 22°C. The crystals were dipped into 0.8 M sodium/potassium phosphate, pH 6.1 + 30% glycerol to cryo-protect before flashfreezing in liquid nitrogen. The diffraction data were collected at the SER-CAT 22-ID beamline (Advanced Photon Source, Argonne National Laboratory). After a fluorescence scan was performed, the wavelength was tuned to the selenium absorption peak and data were collected at 0.97923 Å wavelength on a MAR300CCD detector. A 3.0 Å SAD data set was collected and then indexed and scaled with the HKL2000 program suite (Otwinowski and Minor 1997) . The statistics of diffraction data and refinement are given in Table 1 .
Structure determination and refinement
The self-rotation function calculated with POLARRFN (CCP4 1994) revealed a prominent peak for k ¼ 180°, indicating the presence of a noncrystallographic twofold symmetry axis. XPREP (Sheldrick 2001 ) was used to extract anomalous differences, and SHELXD (Sheldrick 2008 ) was employed to locate the positions of selenium sites. HA_NCS (Terwilliger 2002 ) also located a twofold NCS axis from the anomalous sites independently. The NCS from anomalous sites had the same orientation as that from the self-rotation function, which verified the validity of the selenium sites. The identified anomalous scattering sites were input for SAD phasing to several programs, e.g., SHELXE (Sheldrick 2008) , SOLVE Berendzen 1999), and PHASER (McCoy et al. 2007 ). However, the electron-density maps after density modification were largely uninterpretable, and only some helical fragments and turns could be automatically assigned with the program RESOLVE (Terwilliger 2003) . Because the anomalous sites were verified by the self-rotation function, the residue clusters built by RESOLVE at least contained some useful phasing information to improve the map. Thus, the modeled fragments and selenium sites were fed back to PHASER again to combine the incomplete but partially correct atomic model and the anomalous signal. After several cycles, the combined phase information became stronger, allowing the missing selenium atoms to be located and additional secondary structure elements to be identified. The resulting electron density map was largely interpretable and almost a complete model was built with the program BUCCA-NEER (Cowtan 2006) . The structure was subsequently refined with PHENIX.REFINE (Adams et al. 2002) using NCS, experimental phases, and stereochemical information as restraints (Table 1) . Solvent molecules were added with COOT (Emsley and Cowtan 2004) , in F o -F c electron density peaks close to polar atoms of the protein. The quality of the final model was evaluated with the program PROCHECK (Laskowski et al. 1993) and was found to be acceptable, given the limited resolution of the diffraction data (all outliers of the Ramachandran plot are located in the poorly defined loop regions). The coordinates and structure factors have been submitted to the PDB under accession code 3ee1.
Note added in proof
The structure of an N-terminally truncated VirA, crystallized in a space group different from the full-length protein described here, appeared in press when this manuscript was under review (Germane et al. 2008) . The results presented here, in particular concerning the novel fold of VirA and the lack of detectable enzymatic activity, are fully consistent with their observations. 
